The microstructure and rheological properties of colloidal suspensions depend on particle size and shape. This work aims to further control the size, shape, and polydispersity of anisotropic silica colloids, to reduce particle size, and to provide additional mechanistic insights on a prevalent, water-in-oil emulsion synthesis method. Key findings show that the dimensions of anisotropic silica particles can be systematically varied by approximately five-fold, with a limiting minimum particle size (D ≈ 60 nm, L ≈ 300 nm) obtained from emulsions with excess polyvinylpyrrolidone (PVP) and sodium citrate. The synthesis conditions are identified and discussed for which the emulsion composition, temperature, sonication, polymer entanglements, mixing, and other perturbations may induce or mitigate emulsion instabilities, citrate precipitation, a competing mechanism of templated growth, termination of anisotopic growth, irregular silica structures, and fiber formation. An improved mechanistic understanding will expand the roadmap for rational design and synthetic control of anisotropic colloids using sol-gel silica chemistry confined within water-in-oil emulsions.
Introduction
Silica colloids are ubiquitous in many particle-based technologies designed for coatings, thermal and electrical insulators, fillers, drug delivery vehicles, and composite materials due to the unique properties of silica. [1] Rheological properties of silica-based suspensions such as the suspension viscosity, shear thinning, shear thickening, gelation behavior, and glass formation are intricately linked to the colloid size and shape. [2] Other characteristics such as the specific surface area, maximum packing fraction, diffusivity, sedimentation velocity, and liquid crystal behavior can also be tuned by controlling particle size and shape anisotropy.
A versatile strategy to synthesize anisotropic silica colloids with adjustable aspect ratios and shape features involves a water-in-oil emulsion method established previously. [3, 4] This adaptable colloidal system has opened exploration into the effects of particle shape anisotropy, for example, on the colloidal phase behavior, [5, 6] crystal transitions, [7, 8] and gelation behavior. [9] Additional synthetic efforts have also introduced unique shape adaptations, [10] [11] [12] [13] [14] [15] [16] multiple compositions, [10, 13, 16] thermoreversible attractions, [9] and fluorescent labelling of colloidal structures, [3, 17] all of which exist typically on micrometer length scales (L ≈ 1-4 μm, D ≈ 300-500 nm). However, fewer studies have focused on routes to reduce the size of anisotropic silica particles toward sub-micrometer length scales with this emulsion method. Furthermore, the relatively large length polydispersity (≈30-50%), prior to excessive washing and fractionation steps, has been largely ignored. Thus, there is motivation to further explore and build upon the standard emulsion-based method in order to control and reduce size dimensions by better understanding the mechanisms for initation, propogation, and termination of anisotropic silica growth.
Previous studies have contributed an improved mechanistic understanding of the sol-gel growth of anisotropic silica colloids. [3, 4, 10, [18] [19] [20] [21] [22] In contrast to the synthesis of spherical silica colloids, [23] the hydrolysis and condensation of tetraethyl orthosilicate (TEOS) into non-spherical silica require anisotropic templates or an anisotropic supply of reagents to one side of a seed particle. Nakamura et al. and Miyaji et al. demonstrated routes to synthesize hollow rod-like silica particles, in which precipitated citrate or tartrate crystals served as templates for silica shell growth in ethanol-water-ammonia-salt mixtures. [18] [19] [20] 22] Work by Zhang et al. demonstrated a shapeselective and controllable method to produce rod-like silica colloids using a water-in-pentanol emulsion stabilized by citrate-coated gold nanoparticles and polyvinylpyrrolidone (PVP). [4] Their results initially suggested a soft-template growth process, in which a silica shell deposits onto a rod-like PVP-water-gold aggregate. [4] However, Kuijk et al. later demonstrated that the gold nanoparticles (stabilized by citrate) were not necessary to produce silica rods; rather, citrate was responsible for stabilizing aqueous droplets attached to the end of growing silica rods. [3] They demonstrated that rod growth initiates upon migration of a silica seed to the droplet interface, generating an anisotropic supply of hydrolyzed TEOS to one end of the rod. [3] The silica rod continues to grow predominantly along the length axis, with slower growth along the radial axis, until the depletion of TEOS or the destabilization of the liquid-liquid-solid droplet interface. [3] Citrate and PVP are both necessary to stabilize anisotropic growth using this emulsion method [3, 10] , but their specific interactions and roles are not entirely understood and warrant further investigation.
As examples of how variations in synthetic conditions can yield significant changes in particle morphology, a study by Datskos and Sharma showed that varying temperature could produce silica rods with segmented ridges and with a reduced diameter at higher temperatures (D ≈ 150 nm at 65 °C). [14] In a separate study, they also observed multimodal distributions of long, thin silica fibers (D ≈ 20-65 nm, L ≈ 30-100 μm) by applying bath sonication during the reaction. [24] Anisotropic silica colloids with reduced dimensions may benefit certain applications that desire higher specific surface area, low particle volume fraction, limited effects of sedimentation, and access to regimes with low Péclet number for rheological investigations.
In this work, the combined effects of emulsion composition, temperature, and sonication are further explored with the aim to better control and, in particular, reduce the size of anisotropic silica colloids. We demonstrate that approximately five-fold reductions in rod dimensions (D ≈ 60 nm, L ≈ 300 nm) are best achievable by systematically adjusting the emulsion composition.
It is also demonstrated that long, thin silica fibers can be produced by addition of excess sodium citrate without sonication, leading to the proposition that such fibers arise from a competing mechanism of templated growth due to emulsion instabilities and citrate precipitation. This study provides additional mechanistic insight on the role of stabilizing reagents, polyvinylpyrrolidone (PVP) and sodium citrate, which together strongly influence silica growth, particle dimensions, end shape, and overall shape anisotropy. Results and discussions are divided into five sections that focus on the effects of (3.1) temperature, (3.2) sonication, (3.3) citrate precipitation, (3.4) emulsion composition, and (3.5) scale-up.
Experimental

Particle synthesis.
Anisotropic silica colloids were synthesized based on previously established protocols, [3, 9] in which a silica precursor (tetraethyl orthosilicate, TEOS, ACROS Organics, 98%) is injected into an emulsion containing 1-pentanol (ACROS Organics, 99%), polyvinylpyrrolidone (PVP, 3.5 kDa, 40 kDa, or 1300 kDa, ACROS Organics and Sigma Aldrich, 95%), ethanol (Decon Labs, 200 proof), water (18.2 MΩ-cm), ammonia (Merck, 25 wt% aq.), and sodium citrate (trisodium citrate dihydrate, disodium citrate sesquihydrate, or monosodium citrate, Fisher Scientific, 99%). All reagents were used as received without further purification.
For the standard small-scale reaction, 1 g of PVP (40 kDa) was added to 10 mL of pentanol in a 20 mL glass scintillation vial and was distributed by vortex mixing (3000 rpm). 1 mL of ethanol and 0.28 mL of water were added, and the mixture was vortexed for 1 min. Then, 0.1 mL of 0.18 M aqueous trisodium citrate dihydrate (citrate) was injected and quickly distributed by vortex mixing for 1 min, followed by the addition of 0.2 mL of ammonia (25 wt% aq.) with vortex mixing for 1 min. Lastly, 0.1 mL of TEOS was injected and quickly vortexed for 10 s. All mixtures reacted without stirring at room temperature overnight for 18-24 hours or as listed in the Supporting Information, Table S1 . For large-scale reactions, the reagents were scaled up approximately 30-fold and mixed in a 1 L HDPE bottle, as listed in the Supporting Information, Table S1 . Emulsions with high PVP concentration or molecular weight (34-51 wt% PVP or 1300 kDa) were heated to 40 °C and shaken frequently to assist PVP dissolution into pentanol, ethanol, and water, and then were cooled to room temperature prior to adding citrate, ammonia, and TEOS.
Adaptations to these standard conditions included single or combined variations in (1) temperature from 4, 20, 40, 60, and 80 °C; (2) bath sonication power from 57, 185, and 470 W at 40 kHz; (3) PVP molecular weight from 3.5, 40, and 1300 kDa; (4) PVP concentration from 9-51 wt%; (5) sodium citrate salts with mono-, di-, and tri-sodium counter ions; (6) citrate concentration from 0.04-1.5 wt%; (7) water concentration from 2.5-5 wt%; and (8) ethanol concentration from 0.0-7.5 wt%. The specific reaction conditions and reagent additions are tabulated in the Supporting Information, Table S1 .
For reactions at higher temperatures (40, 60, 80 °C, ±1 °C), the emulsion was heated to the desired temperature prior to TEOS injection using a water bath or electrical heating block. After equilibrating the emulsion at the desired temperature for 15 min, TEOS was injected into the After the reaction, the mixtures were poured into ~20 mL of cold ethanol within a 50 mL conical centrifuge tube and centrifuged at 6000 g for 60 min, after which the supernatant was decanted and discarded. The sediment was resuspended in ethanol with vortex mixing and bath sonication, washed, and centrifuged twice more in ethanol (6000 g, 30 min). Then, the sediment was washed and centrifugation twice in water (6000 g, 30 min). After the last water wash, the sediment was suspended in ethanol by vortex mixing and sonication. So as to examine entire particle size populations, particles were not fractionated by additional centrifugation steps. However, large-scale reactions received additional fractionation steps to improve size polydispersity by centrifuging in ethanol an additional three times (700 g, 15 min), discarding the supernatant after each centrifugation, and a final centrifugation step was performed (100 g, 5 min) to remove large rods or aggregates by discarding the sediment.
Scanning and transmission electron microscopy (SEM, TEM). Silica particles were
imaged with a Zeiss Merlin SEM operating at 1 kV at 100 pA. Samples were made by pipetting 3 μL of sample (~0.5 wt% silica particles suspended in ethanol) onto a cleaned silicon wafer and dried in air. The particle dimensions of randomly selected particles were measured and analyzed with ImageJ software to obtain the number average mid-point diameter and standard deviation (D, σ D ), the number average end-to-end length and standard deviation (L, σ L ), and the apparent aspect ratio and standard deviation (AR=L/D, σ AR ) for 30-60 particles per sample. Select samples were imaged by TEM using an FEI Tecnai G2 Twin instrument operating at 120 kV and 3 μA. Images were captured using a Gatan CCD camera. Samples were prepared by pipetting 3 μL of sample in ethanol onto a Formvar/carbon-coated copper grid (200 mesh) and dried in air.
Ultra-small angle X-ray scattering (USAXS):
USAXS experiments were performed on the 9-ID-C beamline at the Advanced Photon Source at Argonne National Laboratory. The slitsmeared scattered intensity was collected over a q-range of 0.0001 Å -1 < q < 1 Å -1 , in which q is the scattering wave vector q = 4πλ -1 sin(θ/2), θ is the scattering angle, and λ is the incident X-ray wavelength (0.689 Å, 18 keV). Samples were suspeneded and diluted in ethanol (5 mg/mL), loaded in glass capillaries (KIMAX, 1.5-1.8 OD), and sealed with wax to limit solvent evaporation.
The empty glass capillary scattering was subtracted from the sample scattering using the standard reduction procedures provided with the Indra, Irena, and Nika software packages. [25] [26] [27] Scattering data were fit with a polydisperse cylinder form factor model with a Schulz distribution in length and radius using the SasView software package v3.1.2. [28, 29] Model fit parameters are listed in the Supporting Information, Table S3 .
Results and discussion
SEM images ( Fig. 1) show the anisotropic particles generally exhibit a truncated spherocylinder geometry, which is a consequence of the "standard growth" mechanism of TEOS hydrolysis and condensation occuring within an end-attached aqueous droplet.
[3] The characteristic particle length (L) is defined as the number average end-to-end length, and the particle diameter (D) is defined as the number average diameter at the midpoint (to average tapering effects). We focus our efforts and discussions on routes to decrease the particle diameter D, since tuning the silica precursor concentration (tetraethyl orthosilicate, TEOS) or reaction time linearly correlates with particle length L. [3, 10] Furthermore, increasing both D and L can be more easily achieved by seeding and subsequent TEOS coating steps. [3] SEM images in Fig. 1 show the rich diversity in particle sizes and shapes obtained from different emulsion conditions. The washed, unfractionated silica particles serve as fossils of the sol-gel reaction within the emulsion, wherein specific features of the individual particles (D, L, branching, curvature, end effects, hollow cavities) and the particle size distributions provide clues for the mechanisms of anisotropic growth and termination. As a reference for comparison, "standard rods" refer to the unfractionated rods using the standard conditions ( Table S1 and S2, respectively. The symbol colors and shaded regions correspond to classification groups shown in Figs. 1 and 2 , as defined in the caption and also in Table S1 and Table S2 . 3.1. Temperature. Increasing the reaction temperature to 60 °C or 80 °C was found to decrease the diameter of the silica rods to D ≈ 150-200 nm. In general, the particle length could be increased (decreased) by increasing (decreasing) the reaction time (Fig. 1a-c) or TEOS concentration ( Fig. 1d-e ). This reduction in diameter was consistent with previous results, [14] suggesting a fundamental limit to reducing D ≈ 150 nm at temperatures up to 80 °C. Additional effects of increasing the temperature also induced curved, branched, and hollow-ended structures (see also SI Fig. S1 ). The particle curvature and branching were thought to occur from the enhanced Brownian motion of rods and terminal aqueous droplets, as well as a greater probability for collision and coalescence of neighboring droplets. The hollow-ended structures that occur at elevated temperatures are likely due to the faster rate of TEOS hydrolysis and condensation relative to the diffusion within the terminal aqueous droplet, which was consistent with previous observations of hollow silica structures produced by increasing the ammonia (catalyst) concentration. [30] The possible advantage of these curved and branched silica structures remains unknown, but the enhanced mass transport, reduced viscosity, and lower reaction time achieved with higher temperatures (40-80 °C) could significantly benefit reaction scale-up, processing, and separations from an industrial perspective.
Sonication.
An alternative strategy to further reduce rod diameter focused on using bath sonication, which was employed throughout select reactions with varying input power (fixed 40 kHz) and temperature ( Fig. 1f-j) . Applying bath sonication ( . Surprisingly, the production of thin rods appeared to be suppressed by increasing the sonication power input (Fig 1g, 470 W) or by sonicating at higher temperatures (Fig. 1i, 185 W, 40 °C). Furthermore, increasing sonication power input at low temperatures produced silica particles with modest shape anisotropy, and no thin silica rods or fibers (Fig 1f, 470 W, 4 °C) .
Together, these observations suggested the role of sonication mainly acted to destabilize the terminal-water droplet during standard rod growth, resulting in the occasional formation of thin rods or fibers. The larger size dispersities and multimodal distributions could not be readily controlled by adjusting sonication power or temperature to favor production of these thin silica rods. Despite this poor control, these results were significant by demonstrating (1) the formation of thin silica rods is possible, (2) the underlying mechanism for growth of thin silica rods and fibers competes with the standard rod growth mechanism, and (3) different conditions can be adjusted, to some degree, to favor or hinder competing growth mechanisms. The average end-to-end length (L), diameter (D), and standard deviations (error bars) are quantified and grouped, in which symbol colors and shaded regions correspond to images in Fig. 1 and the Supporting Information, Table S1 and S2. Multimodal distributions are indicated by the superscripts next to symbols in (c) and (f).
Citrate precipitation.
How are these thin silica rods (D < 100 nm) produced as a result of sonication? Based on previous observations of templated silica growth onto citrate templates without pentanol or PVP, [31] it was hypothesized that nucleation and growth of anisotropic precipitates or crystals of citrate could likewise serve as templates for silica growth to form thinner silica rods when confined within a pentanol emulsion. If the rate of precipitation is significant, it could disrupt or compete with the standard rod growth mechanism. We speculate that this citrate precipitation could occur spontaneously without mechanical perturbation, given sufficient time, due to the inherent insolubility of citrate in the primary components of the nonaqueous phase, pentanol (77 wt%) and ethanol (7.5 wt%). Perturbations to the emulsion that arise from shear fields, vibrations, or sound waves could increase the rate of precipitation by enhancing mass transport, by rupturing the water-oil emulsion interface, by generating thermal or concentration gradients, or by enhancing fluctuations in the localized citrate concentration, wherein the latter mechanisms accelerate nucleation. Conversely, adding reagents with an affinity for citrate in the aqueous phase, in this case water (5 wt%) or PVP (9 wt%), could decrease the rate of precipitation or eliminate phase separation altogether. However, given the complexity of this system, the overall effect of such perturbations likely changes as a function of time throughout the sol-gel reaction. For example, the propensity for citrate precipitation could increase throughout the conversion of TEOS to silica by locally producing ethanol (poor solvent) and consuming water (good solvent). Ultimately, a competition of templated growth and standard rod growth could explain the presence of multimodal populations of thin rods, fibers, spheres, and standard rods.
To further test this hypothesis, an emulsion with significant excess of sodium citrate (1.5 wt%) was allowed to react without sonication or stirring throughout the reaction. As shown in Fig. 3a , the emulsion mixture is significantly more turbid than standard conditions, which is indicative of phase separation or precipitation. In addition to producing visible precipitates, the reaction with excess citrate also producd a mixture of thin silica fibers, thin rods, standard rods, and primarily small spheres (Fig. 1n , D ≈ 75 nm, see also SI Fig. S2 ). These smaller silica spheres could be nucleates from citrate precipitates that failed to grow into longer rods or fibers. If the same mixture containing excess citrate is sonicated during the reaction, only very large precipitates and irregular structures are formed instead (Fig. 1o) . The competition between these two growth mechanisms, namely templated growth and the standard terminal-droplet growth, offers one explanation for the multimodal distributions obtained after sonication, stirring, or excess citrate is introduced. Furthermore, the formation of thin silica fibers and rods without sonication suggests that previous observations [24] of hollow silica fibers during bath sonication (D ≈ 30 nm, L ≈ 100 μm) could be explained by nucleation and growth of long citrate fibers, which subsequently act as water-soluable templates for PVP adsorption and growth of a porous silica shell. [32] Our results agree with the previous observations by Datskos and Sharma, [24] but provide additional evidence against the hypothesized, alternative mechanisms of a cavitation-induced or the fiber-spinning mechanism during sonication. Instead, our results support the hypothesis of emulsion destabilization, which is reasoned to be from sonicationinduced citrate precipitation. Other relevant observations of smaller, irregular silica particles produced by stirring were also speculated to occur from destabilization of the terminal aqueous droplet and precipitate formation. [3] A simplified demonstration for citrate precipitation in water-ethanol mixtures (Fig. 3b, 0 .6 wt% citrate) shows that increasing the ethanol concentration eventually results in a turbid mixture (near ≈70 vol% ethanol) -a signature of precipitate formation. Binodal phase boundaries for pentanolwater-citrate or ethanol-water-citrate also indicate that at higher citrate concentrations (>2 wt%), increasing pentanol concentration leads to L-L phase separation, and increasing ethanol concentration leads to S-L separation (precipitation). [33, 34] Figure 3c shows layered liquid-liquid phase separation and subsequent crystallization at very high citrate concentrations (18) (19) (20) (21) (22) (23) (24) (25) (26) wt% citrate) and lower ethanol concentrations (17-50 vol% ethanol in water), in which macroscopic rod-like crystals nucleate and grow from the citrate-rich layer at different rates depending on the ethanol concentration. It should be cautioned that important factors are neglected in this simplified example system, such as the emulsion components (pentanol, PVP, and ammonia), interfacial energy, and surface forces present between the aqueous droplets and surrounding pentanol matrix. Nevertheless, the distinct changes in turbidity for the full emulsion shown in Fig. 3a hint that delayed phase separation or precipitation of citrate can occur, to some extent, which may influence the growth of silica rods.
The templated growth of hollow silica rods and fibers onto tartrate or citrate crystals have been reported previously for a similar reaction mixture without pentanol (i.e., ethanol, water, citrate or racemic dl-tartrate, ammonia, and TEOS). [18, 19, 22, 31] Hollow silica tubes that formed in these mixtures typically exhibited larger and broader particle length scales (D ≈ 0.05-1 μm, L ≈ 0.5-300 μm) [18, 19, 22] than those reported with the pentanol emulsion method. These differences likely stem from reagent partitioning and reaction confinement within the 100-300 nm aqueous droplets in pentanol.
The propensity for citrate precipitation also offers one explanation for the observed tapering effects and tailing effects for some particles (Fig. 4a , see also SI Fig. S3 ), which have been reported elsewhere. [3, 6, 9] During rod tapering or tailing, the diameter decreases slowly or abruptly to a short rounded point or long tail at the end, respectively, which is in contrast to the flat-end anticipated for the ideal standard terminal-droplet growth mechanism. Surprisingly similar observations of tapering effects were reported for an ethanol-water reaction mixture (without droplet confinement within a pentanol phase), in which square-shaped hollow cavities within silica tubes reportedly decreased gradually in diameter from one end to the other. [20] A following study claimed that evidence of X-ray powder diffraction peaks for unwashed samples strongly supported a crystal template growth mechanism, in which needle-like crystals (ammonium dl-tartrate or ammonium oxalate) acted as templates for porous, amorphous silica shell growth. [22] Typical water washing steps during workup and purification should dissolve and remove water-soluble crystal templates, thus creating a hollow core-shell silica structure, only if the surrounding silica shell forms a penetrable tube or porous structure that aids diffusion. Further understanding of this mechanism for undesirable droplet destabilization and subsequent termination of anisotropic growth via citrate precipitation may help reduce rod length polydispersity and thereby improve yields by reducing the need for substantial particle fractionation steps.[3, 6, 9] Although the standard citrate salt typically comprises only ≈0.05 wt% of the emulsion, the resulting particle dimensions, size distributions, overall shape, and end-effects are highly sensitive to citrate concentration and sodium counter ions. Figure 1k -l demonstrated this sensitivity by showing diameters that range from ≈200 nm (disodium) up to ≈500 nm (monosodium) with equivalent citrate ion concentrations (≈0.01 mol% citrate ions). Intriguing v-shaped ends were also observed from emulsions with monosodium citrate at equivalent citrate ion concentrations (Fig. 1k) , as well as for higher concentrations of trisodium citrate and PVP (see SI Fig. S4 ). It is unclear how these irregular ends form, but it may occur from preferential growth along facets of citrate crystals or precipitates confined within the aqueous terminal-droplets. [31] The presumed primary role of citrate acts to stabilize the aqueous droplet interface. Here it is indicated that citrate can also act as a template for growth of hollow silica nanotubes, which competes with the standard terminal-droplet growth and can terminate anisotropic growth altogether by destabilizing the terminal droplet. As shown for similar ethanol-water-ammonia-salt mixtures, [18, 19, 22] different organic salts may further improve the control of the particle size, shape, polydispersity, and particle porosity when confined within the pentanol-water emulsion.
Emulsion composition.
Variations to the standard emulsion composition were explored by focusing on the stabilizing agents, PVP and citrate. First, addition of high molecular weight PVP (Fig. 1q, 1300 kDa, 9 wt% PVP) produced low aspect ratio rods (L/D < 3), while addition of low molecular weight PVP (Fig. 1p, 3 .5 kDa, 9 wt% PVP) caused phase separation and production of worm-like structures, small clusters, and spheres (see also SI Fig. S5 ).
Second, a decrease in silica rod dimensions (D ≈ 100 nm, L ≈ 600 nm) was achieved by the addition of excess PVP at the standard molecular weight (Fig. 1r and Fig. 4b , 34 wt% PVP, 40 kDa). Further increasing the PVP concentration produced highly curved, worm-like silica particles with D ≈ 60 nm (Fig. 1s, 40 kDa, 51 wt% PVP). However, this 51 wt% PVP emulsion had an impractically high viscosity and low silica yield. To reduce the emulsion viscosity, a lower molecular weight PVP (3.5 kDa) was added at 34 wt% PVP.
Interestingly, emulsions with excess PVP 3.5 kDa did not phase separate, as observed for lower concentrations (Fig. 1p ), but rather, produced short-tailed structures (Fig. 1t, 34 wt% PVP, 3.5 kDa). Together, this dependence of silica growth on PVP molecular weight and concentration suggests that the initial emulsion droplet size, terminal droplet stability, and subsequent growth of anisotropic silica structures may fundamentally depend on the number of polymer entanglements. For the emulsions containing PVP 3.5 kDa, which was below the entanglement molecular weight (estimated PVP M e = 16.8 kDa), [35] no straight rods were observed, even at higher PVP concentrations (see SI Fig. S6 at 51 wt%). Based on previous observations that indicate a high concentration of PVP exists within the aqueous droplets [3, 10] , it is speculated that polymer entanglements improve the elasticity, adsorption, and steric stability of the terminal droplet to balance against competing forces that can destabilize the droplet, which terminates anisotropic growth. TEM results in Figure 4b showed that the length polydispersity could be improved and the tailing effects could be mitigated with excess PVP (34 wt% PVP, 40 kDa) when above the entanglement molecular weight. However, conditions with excess PVP also induced some curvature, which may be from the confinement of silica rods growing within a crowded, viscous emulsion. Mitigation of citrate precipitation by addition of excess PVP was also qualitatively indicated by the lower emulsion turbidity shown in Fig. 3a .
Lastly, a further decrease in the silica rod diameter to D ≈ 60-100 nm was achieved by combining the diameter-reducing effects of excess citrate and excess PVP, as shown in Fig. 1u- 5 wt% citrate, 9 wt% PVP), but it appeared that excess PVP constrained the precipitation such that no long fibers were observed. In addition to reducing the particle diameter, a closer examination using TEM (Fig. 4c) revealed formation of hollow core-shell regions, segments with enhanced curvature, and peculiar v-shaped end effects (see also SI Fig. S4 ). These hollow core-shell structures suggested that templated growth was more favorable and controllable at high PVP and citrate concentrations. Furthermore, Fig. 4c confirmed the competiton and toggling between a standard growth mechanism (white arrows) and a templated growth mechanism (yellow arrows), in which distinct regions along the silica rod exhibited a filled core or hollow core, respectively. This hollow core-shell structure was analogous to the templating of a porous silica shell onto citrate precipitates or crystals, as previously observed in water-ethanol-ammonia-salt mixtures without confinement within pentanol. [18-20, 22, 31] A greater degree of curvature and narrowing of the diameter within the (hollow) templated regions suggested that templated growth occured sporadically and at a faster rate along the length axis, as compared to (non-hollow) rod-like segments produced from standard terminal-droplet growth. Additional variations in water and ethanol concentrations influenced the particle curvature and polydispersity, but overall produced less significant changes to D (Fig. 2g) , which suggested a fundamental lower limit to D ≈ 50-60 nm under these conditions of excess PVP and citrate. Further adjustments and optimization to the emulsion conditions, such as by tuning the ammonium ion concentration and PVP molecular weight, are necessary to produce more idealized "straight" rods with less curvature, lower length polydispersity, and reduced diameter.
3.5 Scale-up. Consistent trends for reducing rod diameter with excess PVP and citrate were confirmed after scaling up the reaction volume by thirty-fold. Figure 5 shows ultra-small angle X-ray scattering (USAXS) data obtained at the Advanced Photon Source on beamline 9-ID-C. [25] [26] [27] The scattering data were fit using a polydisperse cylinder form factor model, with parameters listed in SI Table S3 . [9, 28, 29] The shift of scattered intensity to higher q (scattering vector) and the corresponding model fits showed a decrease in D from the standard conditions diameter. [3, 9] These trends are thought to occur from inconsistent mixing methods and the specific mixing energy input. Given the strong sensitivity of the particle size and shape to the citrate concentration, imposing different mixing methods, shear rates, and mixing timescales may influence the rate and extent of citrate precipitation within the emulsion, thereby producing inconsistencies in aqueous droplet composition and average droplet diameters upon initiation. 
Conclusions
In summary, the combined effects of temperature, sonication, citrate precipitation, and emulsion composition were explored with the goals of controlling and reducing the dimensions of anisotropic silica colloids further into the nanoscale. A route to reduce anisotropic silica particle dimensions by at best five-fold (D ≈ 60 nm, L ≈ 300 nm) incorporated the addition of excess PVP and excess sodium citrate to the standard emulsion conditions. Combined addition of excess PVP and citrate was speculated to both drive down the emulsion droplet size while constraining citrate precipitation, thereby reducing the rod diameter relative to the standard conditions [3] .
Alternatively, increasing temperature was shown to reduce particle diameters to at best D ≈ 150 nm, in agreement with previous findings [14] , but also generated curved, branched, and hollowended silica structures. Applying bath sonication during the reaction produced multimodal distributions of thin rods, long fibers, and standard rods, while adjusting bath sonication power and temperature did not improve control over the size distributions or production of smaller rods.
Alternatively, it was shown that thin rods or fibers could be produced by addition of excess sodium citrate, without the need for sonication. Together, these findings suggested a competition between the terminal-droplet growth mechanism [3] and a templated growth mechanism following citrate precipitation [18] [19] [20] 22] , in which the latter was hypothesized to contribute to termination of anisotropic growth, rod tapering and tailing effects, and increased length polydispersities. The competition of templated growth was confirmed by TEM, which showed hollow core-shell silica rod structures under conditions of excess PVP and citrate. The PVP molecular weight and concentration dependence also suggested a fundamental dependence on polymer entanglments, which are speculated to enhance the elasticity and steric stability of the terminal droplet during anisotropic growth. Broadening our fundamental understanding of the interplay between PVP, citrate, ammonium ions, and emulsion instabilities introduced by citrate precipitation will further improve control of anisotropic silica particle dimensions, shape, yield, polydispersity, and endeffects, all of which are of interest for use in various particle-based technologies. Continuing to understand and improve this scalable, one-pot synthetic approach will provide shape-specific colloidal model systems to systematically explore the effects of particle size, shape anisotropy, and polydispersity on colloidal suspension rheology.
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